obile channels are often modeled using a welldefined Rice process, which is the idealized case where the single dominant source has a fixed angle of arrival (AOA) and the mobile moves with a constant velocity. The statistics of its wrapped phase (i.e., phase values between Àp and p), such as the mean, variance, and probability density function (PDF), are known. The absolute phase is the accumulated phase change over an observation interval and is a recently formulated random process for the mobile channel. It is simply derived from the wrapped phase or the quadrature components and yet offers extra information about the channel, fostering new techniques, especially for locationaware applications. To date, the absolute phase has not been used or measured in mobile communications. In this
article, the formulation of the absolute phase is reviewed and laboratory measurements are presented. The absolute phase has two equivalent expressions, and its mean has a closed form in a well-defined Rice channel with isotropic scattering. The measurement setup is configured for three typical propagation scenarios, strong line of sight (LOS), weak LOS, and a two-path arrangement. Some potential location-aware applications are investigated using the absolute phase measured from one antenna.
Modeling the well-defined Rice channel using Rice fading means that the modeled channel envelope follows the Rice envelope distribution, and its wrapped phase follows the Rice phase distribution [1] , [2] . The Rice envelope distribution is governed by the Rice factor, the ratio of the power of the dominant component to the power of the diffuse components. The Rice phase distribution depends not only on the Rice factor but also on the AOA of the dominant component and the mobile location [1] . The statistics, such as the mean, variance, and PDF, for the wrapped phase of the well-defined Rice channel are well known and can be found in most texts and monographs on mobile channels [1] [2] [3] [4] . In practice, the channel is more complicated than this idealized case, but the models are nevertheless insightful.
The absolute phase is the accumulated phase change over an observation interval and is a recently proposed parameter for the analysis of mobile channels. Previously, it was depicted by Rice [5] and discussed in [6] in the context of the frequency modulation (FM) receiver and presented as a mobile channel variable in [7] . It was formally defined and analyzed for a well-defined Rice channel in isotropic scattering environments in [8] . The analysis of the absolute phase for a well-defined Rice channel in directional scattering environments can be found in [9] . There is much current research regarding the statistics of phase processes, e.g., in a Nakagami-q mobile fading channel [10] . In this article, we consider only the well-defined Rice channel in an isotropic scattering environment.
For a well-defined Rice channel, the statistics of the absolute phase include more information about the channel than the wrapped Rice phase. For example, neither the Doppler frequency of the dominant component nor the Rice factor can be found from the mean of the wrapped phase, but these are both incorporated in the mean of the absolute phase. This extra information can be useful in many mobile applications, including channel characterization and mobile user localization. Information about the absolute phase trajectory of a mobile user is useful for location-aware applications. In terms of communications, the trajectory information could be used by algorithms managing handoff or dynamic allocation of bandwidth, perhaps as part of a cognitive system. Unlike analog receivers, modern digital radios have the capability to acquire and track the absolute phase, and the algorithms are straightforward. However, the absolute phase has not been applied to practical mobile communications.
Modeling of the Absolute Phase

Propagation Modeling and Channel Phase
Point-source scatterers are widely used for modeling channel propagation in mobile communications. Figure 1 depicts a popular single-bounce model for the outdoor mobile channel [11] , where the base station (BS) directly illuminates a single set of static, random scatterers around the mobile. The single bounce refers to a reflection per scatterer, and multiple scattering can be modeled by allocating different delays to different densely spaced scatterers. This is a simplistic model, far from accurate physically, but offers insight into the channel behavior.
In Figure 1 , at position 1, the mobile sees scatterers, all of which include a delay related to the distance to the BS, d 0 . Without a priori information, the phase at position 1 can be assumed as the reference phase with a value 0. At position 2, the mobile sees a new set of scatterers whose phase now includes a distance-dependent term, exp (Àj2pd=k), which can be used to estimate the position of the mobile. In addition to the distance-dependent phase term, the channel phase seen at the mobile also includes a random term, given by the summation (physically undertaken by the antenna) of the random phases of the scatterers. The random phase is part of the shortterm, Rayleigh-like fading, and the distance-dependent phase relates to the LOS propagation between the BS and mobile. In terms of tracking the mean of the unwrapped channel phase for mobile positioning, the random phase acts as a high-frequency noise signal added to the deterministic distance-dependent phase. This is analogous to the (random) short-term fading gain being multiplied by FIGURE 1 A popular outdoor mobile channel model. The channel phase (after unwrapping) decreases as the mobile moves away from the BS [8] . k is the wavelength.
TO DATE, THE ABSOLUTE PHASE HAS NOT BEEN USED OR MEASURED IN MOBILE COMMUNICATIONS.
the (distance-dependent and deterministic) LOS propagation gain. Indoor environments are more complicated. A simplistic model is to move the BS inside or to the edge of the ring of scatterers. If there is a strong LOS component between the BS and mobile, then the single-bounce model can still be used gainfully for positioning information. However, if the LOS path is weak, then the changing BS-to-mobile single-antenna channel will reveal little about the relative changing positions. This is because the scattering propagation paths can get longer as the terminals converge and vice versa.
An absolute reference system can be approximated by using frequency standards as oscillators at both the receiver and transmitter, so there is negligible phase roll in the channel stemming from the frequency difference of the respective oscillators. In a communications system, a phase-locked loop is sometimes used for the carrier lock. If the phase-locked loop is very stiff (relative to the changing channel), then it will behave in a similar way to having an absolute reference system. With an absolute reference system, as the mobile moves away from its BS, the channel phase (after unwrapping) experiences an average decrease from the distance-dependent term, while also experiencing random phase variations. Similarly, the phase relative to the BS increases on average as the mobile moves toward the BS. The instantaneous changes are not constant with the distance owing to the random nature of the phase, but the mean change rate is essentially constant because it relates to the increasing/decreasing distance.
A similar situation exists regarding the phase process in vehicle-to-vehicle channel models [12] , [13] . However, in this case, one of the vehicles is modeled as the BS (transmitter) with dense local scatterers. In some situations, vehicle-to-vehicle channels are modeled as keyhole channels or are linked via an amplify-and-forward repeater, and therefore, the channel model statistics become double Rayleigh [14] , [15] . This type of situation is not discussed in this article.
Definition of the Absolute Phase
The absolute phase is closely related to the unwrapped channel phase. The mathematical definition of the absolute phase can be developed further using mobile channel modeling. A well-defined Rice channel with flat fading is illustrated in Figure 2 . Here, the dominant component represents the LOS signal, and the diffuse components model the random scatterers.
The channel complex amplitude gain (CAG) at the mobile is the sum of a single dominant component with a fixed AOA b 0 , a fixed magnitude A, and a fixed initial phase u 0 , as well as the diffuse components, each with a random AOA h i , amplitude a i , and initial phase a i . The maximum Doppler frequency f D is determined by the mobile speed v and wavelength k. The Doppler frequency is f D cos (b 0 ) for the dominant component and is f D cos (h i ) for each diffuse component. The Rice factor K is the ratio of the power of the dominant component to the power of the diffuse components. A measurement of the channel CAG, following the base-band notation of [8] , is written as
and here the channel signal is assumed to be large enough that the system noise n(t) can be neglected. Equation (1) can also be denoted by
where I (t)and Q(t) are the real and imaginary parts of the channel CAG, respectively; r(t) and / W (t) are the magnitude and wrapped phase of the channel, respectively, with r(t) ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
The absolute phase is defined as the accumulated phase change over the time interval (t 0 , T þ t 0 ), generally denoted by / A (T ; t 0 ) with t 0 as the reference time and T as the observation interval. Since the phase at the reference time is subtracted, the statistics of / A (T ; t 0 ) are independent of the reference time t 0 and the initial phase of the dominant component u 0 . Thus, the simple dependency written as / A (T ) is used to denote the absolute 
THE ABSOLUTE PHASE IS CLOSELY RELATED
TO THE UNWRAPPED CHANNEL PHASE.
phase. Similarly, instead of (t 0 , T þ t 0 ), (0, T ) is used to denote the observation interval from here on. Because the scenario should remain static during the observation interval, the rate of change of the scenario influences the choice of T .
A simple illustration of the absolute phase and its relationship to the wrapped phase is shown in Figure 3 . It shows that the absolute phase starts from zero, is continuously changing with time, and has a range beyond [Àp, p).
Formulations of the Absolute Phase
Four different formulations are available to calculate the absolute phase using the real and imaginary parts of the channel CAG, and the detailed derivations can be found in [8] . Here, two formulations, namely the unwrapping and phase-derivative integration techniques, are reviewed.
Unwrapping Technique
The absolute phase can be obtained by unwrapping as follows: find the wrapped phase / W (t) of the channel CAG, unwrap / W (t) over the time interval (0, T ), and subtract the reference phase at time 0. The unwrapping algorithm is by itself an extensive research area and has been adopted in many applications, e.g., to restore the phase information of images in radar, sonar, and optics [16] [17] [18] [19] .
Here, successive samples of the wrapped phase are taken to vary by less than p, so the unwrap function given by MATLAB can be adopted to implement the unwrapping operation. The unwrap function is defined as correcting the radian phase angles in a vector by adding multiples of AE2p when absolute jumps between consecutive elements of the vector are greater than the jump tolerance of p radians. The correction by 2p is referred to as the 2p phase jump.
By the unwrapping definition, the absolute phase at time T is formulated as [8] 
where / W (T ) and / W (0) are the wrapped phase values within ½Àp, p) at time T and 0, respectively, and N 2pþ (0, T ) and N 2pÀ (0, T ) are the cumulative numbers of positive and negative 2p phase jumps during the observation interval (0, T ), respectively.
Phase-Derivative Integration Technique
It is discussed in [8] that the absolute phase in mobile channels is analogous to the output phase of an FM receiver (e.g., a limiter-discriminator-integrator [20] ). Similar to determining the output phase of an FM receiver, the absolute phase can be obtained by feeding the real and imaginary parts of the channel to an integrator. First, the phase derivative is calculated by [2] , [21] , and [22] _ / C ðtÞ ¼ I ðtÞ _ QðtÞ À _ I ðtÞQðtÞ I 2 ðtÞ þ Q 2 ðtÞ ;
where the subscript C represents that the phase derivative is continuous. Since I (t) and Q(t) are continuous, the output of (4) no longer contains the discontinuity caused by the domain of arctan(t). However, there can still be (numerical) problems in the deep fades where the denominator is small [8] . The output phase, after the phase derivative is integrated from 0 to T , is the absolute phase and is given by [8] 
This technique seems to be the most intuitive formulation of the absolute phase given its definition. It has been widely adopted to calculate the output phase in both analog and digital FM receivers [20] , [22] , [23] .
Mean of the Absolute Phase
The statistics of the absolute phase change with time. However, given a time interval, the statistics can be analyzed. In this section, the mean of the absolute phase is reviewed. For its detailed derivation and other statistics such as variance and PDF, see [8] . 
The definition of the absolute phase and its relationship with the wrapped phase.
THE TWO-PATH SCENARIO CAN BE TREATED AS A SPECIAL CASE OF THE MULTIPATH SCENARIO.
The mean of the wrapped phase is zero for a welldefined Rice channel with a zero initial phase. However, the mean of the absolute phase is not always zero. Consider a well-defined Rice channel with a dominant component having a magnitude A, which rotates around the origin with a constant rate. Its phasor is A exp½j(2pf D t cos b 0 ). If the instantaneous magnitude of the diffuse component a(t) is smaller than the magnitude of the fixed dominant component A, then the absolute phase follows the unwrapped phase of the dominant component and increases with an average rate of 2pf D cos b 0 . On the other hand, if aðtÞ > A, then the circumnavigations of the origin of the phase trajectory are random and the absolute phase is now dominated by the diffuse contribution, so the ensemble average of the absolute phase is zero. Mathematically, the mean of the absolute phase is given by [8] , [24] /
The two phase terms in (6) are the direct contribution from the dominant component and the contribution associated with the Rice K factor.
When K is larger than about 5 [exp (À 5) ¼ 0:0067; an even larger K produces a smaller and more negligible value for exp (À K)], the second phase term becomes negligible, and the variance of the absolute phase is also small [8] , so the absolute phase behaves as an unwrapped phase of a pure LOS signal. The mean can be accurately estimated by the absolute phase from just one antenna branch. This property can be used to estimate the location-aware parameters, such as velocity, position, and AOA of a dominant component, in a multipath environment using a simple system such as a narrow-band signal with a single antenna. Multiple receive antennas make the estimation more accurate.
Even when K is not so large (and the mean of the absolute phase is affected by K), the increasing/decreasing trends of the mean can be used to indicate whether the receiver is approaching/leaving the dominant component.
With these potential applications in mind, a measurement system and different scenarios are set up to collect the absolute phase. The results are reported and analyzed in the following sections.
Measurement of the Absolute Phase
The system setup for measuring the absolute phase is shown in Figure 4 horn is on the floor and the trajectory is vertical. The transmit and receive antennas are moved apart using the linear positioner of a near-field pattern measurement system from Nearfield Systems. This positioning system has a precisely controllable trajectory and speed. An associated absorbing foam is on one side of the setup, the side behind the ground plane of the monopole array. The data collection system is an Agilent E5071B vector network analyzer (VNA). This VNA features four simultaneous ports that enable the transmit antenna to be synchronized with three receive channels. In the measurements, the VNA transmits at 3.75 GHz from one port and collects data from three ports (second, fourth, and sixth elements of the monopole array) simultaneously. The sampling period for each channel is 0.1 s, and the maximum duration provided by the VNA configuration is 160 s. Here, the receive antenna is set up to move a distance of 1,574 mm (62 in) with a constant speed of 254 mm/s (1 in/s). The initial, middle, and final positions of the receive antenna relative to the transmit antenna are 177, 1,752, and 177 mm (7, 69, and 7 in), respectively. The three scenario setups are strong LOS, weak LOS, and two-path arrangement. Their parameters are listed in Table 1 . The receive antenna moves along the same trajectory with the same speed for the three scenarios. The strong LOS is from arranging the transmit and receive antennas to be copolarized, and the weak LOS is from arranging the antennas to be essentially orthogonally polarized. The two-path scenario is created by placing a large aluminum foil board in front of (above) the copolarized antennas. Both the magnitude and phase received from the three channels are recorded for the three scenarios. However, only the data from the fourth element is 
ACCURATE INDOOR LOCALIZATION USING WIRELESS SIGNALS IS A CHALLENGING RESEARCH TOPIC.
treated in the following discussion. For a clearer presentation, data are also collected while the receiver is stationary. A total of 1,283 samples (i.e., about 128 s) are used for analyzing each scenario. Magnitude trajectories against time, shown in Figure 5 , confirm the presence of diffuse multipath, some shortterm fading, for each scenario. The trajectories are away from and then back toward the transmitter, so ideally, the left and right halves of the figure would be symmetric. The asymmetry of the sampled data in Figure 5 is caused by noise, the finite sampling period, and perhaps changes in the multipath environment by the movement of people in the laboratory.
The strong LOS scenario features the expected exponential magnitude with a distance (expressed as time), the weak LOS scenario indicates that the LOS signal is essentially buried in the multipath, and the two-path scenario exhibits the classical interference results of the two strong signals with their small delay spread.
To evaluate the strength of the LOS signal for these scenarios, the (2,4) moment-based K factor estimator is used [25] [26] [27] . The (2,4) moment-based method takes the ratio of the second-and fourth-order moments of the channel signal magnitude and allows a closed-form function between the magnitude moments and K. The curves of the estimated K against time using the (2,4) moment method for the three scenarios are displayed in Figure 6 .
As shown in Figure 6 , the Rice factor remains larger than 10 dB most of the time for the strong LOS scenario and fluctuates rapidly around 3 dB for the weak LOS scenario. For the two-path scenario, it is not strictly appropriate to evaluate the Rice factor because two strong signals are involved. Similarly, the estimation of the Rice factor is not strictly appropriate during the period when the receive antenna is stationary, so the values of K from 62 to 66 s for all the scenarios should not be interpreted as a strictly valid estimate. Figure 7 illustrates the measured absolute phase together with the unwrapped theoretical (i.e., deterministic) pure LOS phase against time. The two-path scenario can be treated as a special case of the multipath scenario. Its phase trajectory falls between the strong and weak LOS scenario, as expected. As per (6) , the mean of the absolute phase is almost the same as for the pure LOS scenario when K is large. This is promising for localization. However, when K is small, e.g., from 70 to 80 s in the weak LOS scenario, the absolute phase trajectory becomes a random walk and does not follow any deterministic trends. The absolute phase of the two-path scenario is not available from (6), but its trajectory follows the unwrapped LOS phase well, except the several phase jumps about 30 and 90 s, where the overall signal magnitude is quite weak.
Location-Aware Applications Using the Absolute Phase
Accurate indoor location using wireless signals is a challenging research topic because multipath is normally present in an indoor environment [28] . For current wireless systems such as wireless fidelity and ZigBee that have wide-band features and radio frequency identification (RFID) that is usually narrow band, the received signal strength (RSS) is the most popular indicator for finding the distance between the transmitter and receiver [29] [30] [31] . However, as shown in Figure 5 , the received magnitude (i.e., RSS) of a continuous wave signal varies rapidly because of the multipath fading, even in the strong LOS scenario. In the weak LOS or two-path scenario, this RSS can no longer be used directly for the purpose of localization. On the other hand, the absolute phase exhibits a promising, well-behaved trajectory against the distance in a strong LOS scenario, even in the two-path scenario.
This property motivates the absolute phase for location-aware applications using narrow-band signals. The estimation formulas for localization in dense, uniform multipath are relatively simple when the absolute phase is used. From (6), for large K, the mean of the absolute phase becomes a function of the Doppler frequency and, hence, of the velocity, or AOA, of the dominant component, viz.,
AOA Estimation
If the velocity of the receiver is known a priori, the absolute phase can be used to estimate the AOA of the dominant component. On the basis of the channel model in Figure 2 , AOA ¼ 180°represents the receiver moving away 
FIGURE 6
The estimated Rice factor for the three scenarios of Figure   7 . The window length for each K estimate is 10 s (100 samples or 3.2 wavelengths). The two-path data and the data between 62 and 66 s cannot be interpreted as a valid K factor estimate (see text). 
THE MEAN OF THE ABSOLUTE PHASE IS NOT ALWAYS ZERO.
from the transmitter (here the dominant source signal), AOA ¼ 0 represents the receiver moving toward the transmitter, and AOA ¼ 90°represents the receiver either staying still or moving azimuthally with respect to the transmitter.
The AOA estimation, as shown in Figure 8 , represents the measurement situation very well, especially in the strong LOS scenario. The absolute phase can provide a simple way to estimate the moving direction of the receiver when only one strong LOS signal is present. Moreover, it works well when only one receive antenna is available. In the weak LOS scenario, the estimate results are not accurate but can still provide rough direction information (i.e., away from or toward). The AOA estimation in the two-path scenario is good, except where the two strong signals cancel each other.
Velocity Estimation
The velocity of the mobile is of interest in location-aware applications. Velocity estimation methods can be found in [32] [33] [34] [35] . The absolute phase provides us another way to estimate the velocity. Since the AOA of the LOS signal in our measurements is known (either 180°or 0°), the velocity estimation, as shown in Figure 9 , is very accurate for the strong LOS scenario and also, most of time, for the two-path scenario. Of particular interest, the sign of the velocity can tell us the moving direction of the receiver relative to the transmitter in all the three scenarios. Other advantages for velocity estimation using the absolute phase include simplicity and quick convergence to the true value.
Position Estimation
The position is the integration of the velocity. If the initial position of the receiver to transmitter is known a priori, the instantaneous position of the receiver can be estimated as shown in Figure 10 . As expected, the position can be accurately estimated in the strong LOS scenario. For both the weak LOS and two-path 
FIGURE 11
The absolute phase trajectory in an uncontrolled multipath environment, using manually moved terminals.
scenario, the absolute phase-based method can still provide estimates about position, although these are not perfect. On the other hand, the position information is lost for these two scenarios if only the magnitude is used ( Figure 5 ).
Position Tracking
In an uncontrolled multipath environment, where the AOA of the LOS signal, moving speed, and Rice factor are changing, the moving distance of the receiver can no longer be estimated accurately by using only the mean of the absolute phase. However, the trend of the absolute phase can still be used to indicate whether the receiver is moving toward or away from the transmitter. Figure 11 illustrates a trajectory of the absolute phase in an uncontrolled multipath environment. This experiment does not use a linear positioning system as discussed above. Instead of the directive horn, the transmit antenna is a monopole on a ground plane. The receive antenna is manually moved across the face of the transmit antenna and is taken back to near the original position. This motion is repeated twice, with the first time at a slower speed and the second time at a faster speed. It is evident that observing the absolute phase allows good estimation of speed, direction, and the time that the receiver crosses the transmitter. This property enables applications involving position tracking, including the indoor environments. It is reminiscent of the tracking of a satellite position from its Doppler shift [36] .
Further development of the absolute phase enables new solutions in many applications. For example, a simple Rice factor estimator can be derived from the mean of the absolute phase for small and medium K. This possibility is explored in [37] , where multiple antennas are also used to improve estimates. Another possibility using the absolute phase is for intruder detection since the phase itself is more sensitive than the magnitude.
Conclusions
The absolute phase has been identified as a new parameter for the mobile fading channel, and its statistics have been recently analyzed. This article reviews the absolute phase, in particular, in the context of signal and scattering models of mobile communications, and presents measurements for three typical scenarios: strong LOS, weak LOS, and two-path arrangement. Some potential location-aware applications fostered by the absolute phase are demonstrated using the measurement data. The results show that the absolute phase collected from one antenna can be used to estimate the AOA, velocity, and position of a receiver relative to the transmitter. The estimation achieves high accuracy in the strong LOS scenario and can also provide useful information in the weak LOS and twopath scenarios. These results motivate future work to use the absolute phase in many applications, especially for indoor localization. He is a Fellow of the IEEE. His recent projects include mobile communications; bioimplantable antennas; wide-band elements and compact multielement antenna design and evaluation; optimal circular polarization purity antennas and multifaceted arrays; MIMO capacity realization, blind techniques, and interference mitigation for orthogonal frequency-division multiplexing; channel modeling and estimation; and on-body radio wave propagation analysis.
